There is a clear need for new approaches in the field of microbial community analyses, since the methods used can be severely biased. We have developed a DNA array-based method that targets16S ribosomal DNA (rDNA), enabling the direct detection and quantification of microorganisms from complex communities without cultivation. The approach is based on the construction of specific probes from the 16S rDNA sequence data retrieved directly from the communities. The specificity of the assay is obtained through a combination of DNA array hybridization and enzymatic labeling of the constructed probes. Cultivation-dependent assays (enrichment and plating) and cultivation-independent assays (direct fluorescence microscopy and scanning electron microscopy) were used as reference methods in the development and evaluation of the method. The description of microbial communities in ready-to-eat vegetable salads in a modified atmosphere was used as the experimental model. Comparisons were made with respect to the effect of storage at different temperatures for up to 12 days and with respect to the geographic origin of the crisphead lettuce (Spanish or Norwegian), the main salad component. The conclusion drawn from the method comparison was that the DNA array-based method gave an accurate description of the microbial communities. Pseudomonas spp. dominated both of the salad batches, containing either Norwegian or Spanish lettuce, before storage and after storage at 4°C. The Pseudomonas population also dominated the batch containing Norwegian lettuce after storage at 10°C. On the contrary, Enterobacteriaceae and lactic acid bacteria dominated the microbial community of the batch containing Spanish lettuce after storage at 10°C. In that batch, the Enterobacteriaceae also were abundant after storage at 4°C as well as before storage. The practical implications of these results are that microbial communities in ready-to-eat vegetable salads can be diverse and that microbial composition is dependent both on the origin of the raw material and on the storage conditions.
Currently, only a minor part of the diversity of microorganisms in nature is known (2, 24) . In addition, most of the microorganisms in natural habitats are probably not cultivable under the conditions typically used (1) . Thus, cultivation-independent methods are important in the description of microbial communities (1, 28) . All methods used for the description of microbial communities are associated with certain artifacts. That is why modern taxonomy is based on the comparison of several different approaches-a polyphasic taxonomy (22) . Unfortunately, most of the taxonomic markers used today are designed for the analysis of microorganisms in pure cultures and cannot be adapted to the analysis of these organisms in natural complex communities (28) .
Open-field vegetable crops, such as crisphead lettuce, are directly exposed to the environment. The microbial communities on the plant surfaces are affected by both the climate and the growth conditions of the vegetables (20) . The plant material may contain bacteria commonly present in the environment, in fertilizers, and in irrigation water. Several cases where vegetables have been responsible for the transmission of disease (13, 21) have been documented.
Usually, plant tissues are trimmed, cut, and washed during processing for ready-to-eat salads. The washing process reduces the bacterial load approximately 10-fold (14) , while treatment with chlorine (giving a free, available chlorine level of between 2 and 10 mg/liter) may reduce the load 100-fold (19) . Recently, methods have been developed to increase the shelf-life of lettuce and other vegetables through packaging in a modified atmosphere (MA) having reduced levels of O 2 and increased levels of CO 2 compared to air (8, 13) . Although the MA also has a bactericidal or bacteriostatic effect for some bacterial genera (6, 14) , most of the extension of shelf-life is due to the retardation of the physiological aging of the salads themselves. Microorganisms in retail fresh-cut lettuce and salads are kept at low numbers by the combined effect of washing, MA packaging, and low temperature (13) . A concern with such production, however, is the possible growth of psychrophilic facultative anaerobic human pathogens, or opportunistic pathogens (13) . Fresh-cut salads must be considered a potential safety hazard, since the occurrence of pathogens cannot be excluded and the product is consumed without heating.
In order to describe the microbial composition and communities on plant tissues (13) , numerous studies have been conducted. These studies have mainly been based on the detection and quantification of cultivable microorganisms. The methods used in these studies alone may give a biased picture of microbial communities (2) .
The aim of the work presented here was to develop and evaluate a DNA array-based method for the direct description of microbial communities in MA-packaged vegetable salads.
We have developed a method that enables the direct description of microorganisms in complex communities without cultivation. The approach is based on retrieving DNA sequence information directly from the communities and using this information in a DNA array-based detection and quantification system. For reference, traditional plate counts and enrichments were compared to direct detection by fluorescence microscopy and 16S ribosomal DNA (rDNA) analyses. Furthermore, the colonization and distribution of the bacteria on the vegetable surfaces were investigated by scanning electron microscopy (SEM). We determined the dominating microbial flora with respect to the effect of storage conditions and the geographic origin of the lettuce used. Salad made with Spanish lettuce (grown in a Mediterranean temperate climate) was compared to salad made with Norwegian lettuce (grown in a boreal temperate climate). The microbial flora in salad stored at 4°C was compared to that in salad stored at 10°C for up to 12 days after production.
MATERIALS AND METHODS
Salad composition and processing. The ready-to-eat salads used in this study were taken from the regular production run in a commercial factory in Norway. The salad contained approximately 5% red cabbage, 20% carrot, and 75% crisphead lettuce by weight. The carrots and the red cabbage were produced in Norway and stored prior to use. The crisphead lettuce, being more perishable, was used within 1 week after harvest. Two experimental series were conducted with salads containing lettuce grown in Norway or Spain.
For the production of ready-to-eat salads, crisphead lettuce from two farmers in southeastern Norway was used. The lettuce was harvested early in the morning 1 to 4 days before production and then stored at 2 to 3°C. After trimming, 44 to 77% of the lettuce could be used for production. The two batches were mixed. The Spanish lettuce was harvested and transported to Norway in a truck at 2 to 3°C. The lettuce was used for the production of ready-to-eat salads 1 week after harvest. After trimming, 66% could be used for production.
The lettuce, carrots, and cabbage were trimmed manually, cut in an industrial cutter, and then washed in cold water. The different components of the salad were mixed during the washing step. The salad was centrifuged to remove excess water, and portions of 325 g were packed in polymer film bags flushed with a gas of unknown composition. The production process is schematically shown in a report by Yildiz (36) . Fifteen bags were randomly selected for analysis from each production run; 5 bags were analyzed before storage, 5 were analyzed after storage at 4°C, and 5 were analyzed after storage at 10°C. Ten to 12 days of storage was used. A thorough description of the research material is given by Flateland (12a) .
Measurements of CO 2 , O 2 , and pH. The CO 2 and O 2 concentrations in the packages were measured with 10-ml gas samples and gas analyzing equipment (CO 2 gas analyzer PG-100 and oxygen gas analyzer LC 700F; Toray Engineering Co., Ltd., Osaka, Japan). The samples were drawn through septa with a syringe to prevent gas leakage from the packages.
The pH in the salads was measured both after the salads were rinsed and after the salads were treated for 1 min in double-distilled water (1:10 [wt/wt]) in a stomacher. The pH was measured with a 10 pH meter (Beckman Instruments, Inc., Fullerton, Calif.) according to the manufacturer's recommendations.
SEM. The vegetable pieces analyzed were fixed in 2.5% glutaraldehyde in cacodylate buffer (0.137 M; pH 7) for 24 h and then washed three times in cacodylate buffer. The samples were dehydrated by ethanol treatment (once in 70% ethanol, once in 90% ethanol, once in 96% ethanol, and four times in 100% ethanol) and shaken for 15 min. The samples were then dehydrated by critical point dehydration with an apparatus from Balzers Union (Balzers, Liechtenstein; CPD 020) and mounted on aluminum pins with colloidal silver (Electron Microscopy Sciences, Fort Washington, Pa.). The samples were dried for 1 h before being coated with palladium-platina (Fine Coat Ion Sputter JFC-1100; JEOL, Ltd., Tokyo, Japan). Finally, the samples were analyzed with a scanning electron microscope (JSM 840; JEOL).
Fluorescence microscopy with acridine orange staining. Samples of 25 g of salad were homogenized for 3 min with 225 g of 0.9% NaCl in water by using a Waring Blender (Waring Product Division, Dynamics Corporation of America). The homogenates were filtered through a sterile compress (Norsk Medisinaldepot AS, Oslo, Norway). The samples were stained for 15 min with 0.02% acridine orange, diluted 1:10 with water, and filtered by using black 0.2-m-pore-size glass fiber filters (Whatman International Ltd., Maidstone, England). The filters were examined in a fluorescence microscope (DM RE; Leica,Wetzlar, Germany) connected to a digital camera (MPS 48; Leica).
Separation of microorganisms from the salad matrix. Twenty-five grams of salad was mixed with 225 g of peptone water (pH 7; 0.8% NaCl and 1% Bacto Peptone from Difco, Detroit, Mich.) in a stomacher bag with a filter (Bagfilter; Interscience, Saint-Nom, France). The samples were gently washed, and the filtered liquid phase was used for the later applications. The bacteria in this fraction were only loosely attached to the salad matrix. The samples were then dried with a sterile compress, and 225 g of peptone water was added to the stomacher bag once more. The bag was then treated with a stomacher for 60 s (Colworth Stomacher 400; A. J. Seward, UAC House, London, England), and the filtrate was used for the later applications. The bacteria in this fraction represent the population more tightly associated with the salad matrix.
Culture-dependent characterization of microorganisms. Dilution series with peptone water were spread on nutrient agar (NA) for total counts; cephaloridine-fuidine-cetrime (CFC) agar, based on type CM 559 and selective supplement SR 103, for Pseudomonas; and Man-Rogosa-Sharpe (MRS) agar for lactic acid bacteria (LAB). The agars used were from Oxoid Ltd., Hampshire, England. Petrifilm (3 M, St. Paul, Minn.) was used for the selection of molds and yeasts and for the selection of coliform bacteria. Parallel platings were done for washed and stomacher-treated samples. In addition, an enrichment-based method for the detection of Listeria monocytogenes (23) was used. The colonies from the different plates were visually inspected, and the morphology and motility were determined by microscopy. Traditional microbiological examinations, such as Gram staining, an oxidase test (BR 64A; Oxoid), and a catalase test with H 2 O 2 (E. Merck AG, Darmstadt, Germany), were also carried out.
DNA purification. To isolate DNA from the bacteria, 50 ml of the rinse water obtained after either wash or stomacher treatment was centrifuged at 4,300 rpm for 10 min at 4°C (Sorvall RC Plus rotor 29; Du Pont Co., Wilmington, Del.). The pellet was resuspended in 1 ml of H 2 O in a microcentrifuge tube and pelleted at 10,000 rpm for 5 min at 4°C (Biofuge Fresco; Kendro Laboratory Products, Osterodes, Germany). Finally, the samples were resuspended in 50 l of TE buffer (pH 8; 10 mM Tris-HCl, 1 mM EDTA) and stored at Ϫ80°C.
Depending on the sample size obtained following centrifugation, 5 to 50 l of the suspension was used for DNA purification. Lysozyme (Sigma Chemical Co., St. Louis, Mo.; 120 g) was added to a total volume of 50 l, and the samples were incubated at room temperature for 10 min in TE buffer. Subsequently, 180 l of 4 M guanidine thiocyanate, 1% Sarkosyl, and 20 g of Dynabeads DNA DIRECT beads (Dynal AS, Oslo, Norway) were added. The samples were incubated at 65°C for 10 min, after which 500 l of 96% ethanol was added and incubation was continued for 5 min. DNA bound to the magnetic beads was attracted to the side of the microcentrifuge tube with a magnet (MPC-E; Dynal), and the supernatant was removed. The samples were washed twice with 1 ml of 70% ethanol, with the magnet being applied between the washes. Finally, the beads with the purified DNA were resuspended in 50 l of water and heated to 65°C with an open lid to remove excess alcohol. The colonies were analyzed by resuspension directly in 4 M guanidine thiocyanate buffer following the purification steps described above.
PCR amplification, cloning, restriction enzyme cutting, and sequencing. The genes encoding the small-subunit rRNA (16S rDNA) were amplified through the application of primers targeted to universally conserved regions at positions 10 to 34 and 1485 to 1507 relative to the published 16S rRNA sequence for Escherichia coli (7) . The primers have the following sequences: forward, 5Ј-TGG CTC AGA TTG AAC GCT GGC GGC-3Ј (KR1), and reverse 5Ј-TAC CTT GTT ACG ACT TCA CCC CA-3Ј (KR2). Amplifications were done with a GeneAmp 9600 PCR system (Applied Biosystems, Norwalk, Conn.) and 50-l volumes containing 10 pmol of primers, 200 M each deoxynucleotide triphosphate, 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton X-100, 2 U of DynaZyme thermostable DNA polymerase (Finnzymes OY, Espoo, Finland), and 1 to 5 l of bead-DNA complex. The PCR was initiated with a denaturation step at 94°C for 4 min. This step was followed by 30 cycles with the following denaturation, annealing, and synthesis parameters: 95°C for 30 s, 55°C for 30 s, and 72°C for 90 s. An extension step at 72°C for 7 min was included at the end of the PCR. The insert was amplified with primers HU (5Ј-CGC CAG GGT TTT CCC AGT CAC GAC G-3Ј) and HR (5Ј-GCT TCC GGC TCG TAT GTT GTG TGG-3Ј), which are specific for the Bluescript vector. The following amplification reaction was used: 94°C for 4 min and then 30 cycles at 95°C for 15 s, 65°C for 30 s, and 72°C for 1 min. The reaction was completed with an extension step at 72°C for 7 min. A nested PCR with primers KR1 and KR2 was used to remove the vector sequences. The template was diluted 1:10,000 prior to the nested amplification, and the cycling was done for 25 cycles. Subsequently, the amplification products were cut with RsaI (GT 2 AC) in a 21-l reaction volume containing 1ϫ Buffer C (Promega), 1 l of RsaI (Promega), and 5 l of template from the nested amplification. The DNA was cut for 1 h and then analyzed by agarose gel electrophoresis. Selected amplification products representing different restriction patterns were sequenced by using ABI PRISM BigDye terminator cycle sequencing chemistry in accordance with the manufacturer's (Applied Biosystems) instructions. The sequencing fragments were separated on an ABI PRISM 310 genetic analyzer (Applied Biosystems) and analyzed with the accompanying software. Sequence comparisons and probe identification. The sequences were analyzed for homology to other known sequences through a homology search of the EMBL database (release 61, December 1999) with the program FASTA in the Genetics Computer Group (Madison, Wis.) package. The sequences determined in this work were aligned with a selection of the sequences in the database. The alignment was constructed with the PILEUP program in the Genetics Computer Group package and manually edited with the GeneDoc program (GeneDoc Multiple Sequence and Alignment Editor and Shading Utility, version 2.5.002, www.cris.com/ϳketchup/genedoc.shtml). The alignment was then used to reconstruct a phylogenetic distance tree with LogDet distances and neighbor-joining analysis (31) . The statistical support for the branches in the tree was tested by bootstrap analysis (11) with 1,000 replicates.
The alignment was manually inspected in order to identify regions specific for the dominating groups of bacteria in the ready-to-eat vegetable salads. The dominating microbial floras were quantified through the construction of probes for LAB, the Oxalobacter group, Pseudomonas, and Enterobacteriaceae. Probes for chloroplasts were also constructed in order to determine the background contamination of plant material in the samples (Table 1) .
Sequence-specific labeling of oligonucleotide probes. An approach that enabled us to determine the relative composition of the entire microbial community in a single reaction was also used. The sequence-specific labeling was performed as previously described (29, 30) . Twenty-microliter volumes of PCR amplification products were used in cyclic labeling reactions. The deoxynucleotide triphosphates were dephosphorylated, and excess primers were degraded through the addition of 4 U of shrimp alkaline phosphatase (U.S. Biochemical Corp., Cleveland, Ohio) and 20 U of exonuclease I (U.S. Biochemical Corp.). The samples then were incubated at 37°C for 30 min. Finally, the enzymes were inactivated by heating the solution to 95°C for 10 min.
Cyclic labeling reactions were carried out with 60-l volumes containing 10 pmol of each of the probes listed in Table 1 Fifty picomoles of probes, complementary to those used in the labeling reactions, were spotted on GeneScreen Plus nylon membranes (NEN) and crosslinked for 25 min with a UV transilluminator (model TL33; UVP Inc., San Gabriel, Calif.). The membranes were prehybridized in 0.5 M Na 2 HPO 4 (pH 7.2)-1% sodium dodecyl sulfate (SDS) for 2 h. The labeled probes were added to 300 l of 1ϫ SSC (0.15 M NaCl plus 0.015 M sodium citrate)-6% polyethylene glycol 6000 heated to 80°C for 5 min. Hybridization was done overnight at room temperature with agitation in a Cross Blot Dot Blot hybridization chamber (Sebia, Moulinaux, France). The membranes then were rinsed in 1ϫ SSC-1% SDS for 5 for min, in 0.1ϫ SSC-0.1% SDS for 5 min, and finally in 0.1 M Tris-HCl (pH 7.5)-0.15 M NaCl (antibody buffer) for 5 min. The membranes then were blocked for 2 h in antibody buffer containing 1% skim milk (Difco) (blocking buffer). Then, blocking buffer containing1/500 anti-fluorescein-horseradish peroxidase conjugate was added, and hybridization was continued at room temperature for 2 h. Finally, the membranes were rinsed for 30 min in antibody buffer, and signals were detected with 4 CN Plus chromogenic substrate in accordance with the manufacturer's (NEN) recommendations.
RESULTS
Microbial colonization and physiological properties of the salad matrix. The CO 2 concentration in the salad packages increased from approximately 0.2% at the production date to 5.5% after approximately 10 days of storage at 4°C. The O 2 concentrations were low during the whole experiment (Ͻ0.5%). In the control packages, without salads, CO 2 was undetectable, while the O 2 concentrations increased to 2 to 8% during the storage period. The gas composition was not measured for the packages stored at 10°C.
Visual inspection and SEM examination showed that the salad samples had a fresh appearance after storage at 4°C (Fig. 1) . This was also the case for the salad samples containing the Norwegian lettuce stored at 10°C, although these were a little more brownish at the cut surfaces. The pH in these samples was in the range of 6.0 to 6.5. SEM showed that microbial colonization was predominant in the salads containing Spanish lettuce stored at 10°C (Fig. 1A to D) . Figure 1E shows the intact lettuce surface after storage at 4°C, while the surface was heavily decayed after storage at 10°C (Fig. 1F) . The packages stored at 10°C were also expanded due to gas production (probably CO 2 ). The pH in these samples was between 4 and 4.5.
Microbial counts determined by plating and fluorescence microscopy. The total mesophile aerobic bacterial counts of the salad mixture on NA were on the order of 10 4 to 10 5 CFU/g before storage (Table 2 ). Storage at 4°C for 10 days resulted in approximately 10 7 CFU/g, while approximately10 8 CFU/g was found after storage at 10°C. There was no major difference (Ͻ1 log unit) between the total CFU of the salads containing Norwegian lettuce versus Spanish lettuce.
Direct counts determined by fluorescence microscopy yielded approximately the same cell numbers as the total CFU for samples stored at 4°C. The direct counts, however, were approximately 10-fold higher than the CFU for salads stored at 10°C (Table 3 ). The freshly produced salads had bacterial numbers too low to be determined on the basis of direct counts. L. monocytogenes was not detected in any of the samples. The levels of yeasts and molds were low in the fresh salads but increased throughout the storage period at both temperatures ( Table 2 ). The Pseudomonas counts were in the range of 10 4 to 10 5 CFU/g for the freshly produced salads. After storage, the counts increased to approximately 10 7 CFU/g at 4°C and between 10 7 and 10 8 CFU/g at 10°C. The number of LAB was very low just after production (Ͻ10 CFU/ g). LAB cell counts of 10 5 and 10 6 CFU/g for the Norwegian salads and 10 6 and 10 9 CFU/g for the salads containing Spanish lettuce were found after storage at 4 and 10°C, respectively ( Table 2 ). The salad mixtures contained approximately 10 2 CFU of coliform bacteria/g before storage. In salads made with Norwegian lettuce, the numbers of coliforms were the same before and after storage at 4°C. The numbers of coliforms were below the detection limit at 10°C. In salads made with Spanish lettuce, the levels of coliform bacteria increased from approximately 10 2 CFU/g just after production to 10 3 CFU/g when the salads were stored at 4°C, but at 10°C the coliform counts reached more than 10 5 CFU/g ( Table 2 ). Biodiversity determined by 16S rDNA restriction fragment length polymorphism analyses. Eleven different restriction patterns, denoted A to K, were identified after the KR1-and KR2-amplified 16S rDNA was cut with restriction enzyme RsaI (Table 4 and Fig. 2 ). The phylogenetic distance tree for the DNA sequences of the clones representing the different cutting patterns revealed that the main bacterial groups encountered were Enterobacteriaceae, Pseudomonas, Oxalobacter, and LAB (Fig. 3A) . A relatively high frequency of chloroplast sequences was also retrieved for fresh lettuce from both Norway and Spain (restriction pattern A). Clones with restriction patterns K, B, and H, which are specific for the genus Pseudomonas, were isolated from all samples investigated, indicating that Pseudomonas species were abundant in the MA-packed salads. Pseudomonas was the dominant genus both in freshly produced salads and after storage at 4°C. There was a noticeable difference in the microbial compositions of the salads produced with Spanish lettuce and Norwegian lettuce after storage at 10°C. The main difference was that clones with restriction pattern G (LAB) were retrieved only from the salads containing Spanish lettuce.
A problem with a direct approach using gene cloning is the generation of chimeric sequences (17) . We found one chimeric sequence within the sequenced genome region (approximately 400 bp in the 5Ј region of the 16S rDNA gene). We also identified potential recombinant clones from a comparison of the sequence phylogeny and the restriction enzyme cutting patterns. We identified one potential type of recombinant clone (9% of the clones) with restriction pattern B in the Enterobacteriaceae-the rest of the B clones were found in Pseudomonas. Four out of 10 clones were found to be recombinant for the genus Pseudomonas, whereas for the LAB and the Oxalobacter group, no chimeras were identified.
Relative community compositions determined by sequencespecific labeling of oligonucleotide probes. The probes used (Table 1) were constructed from variable sites identified in the multiple sequence alignment from which the phylogenetic tree in Fig. 3A was constructed. Substitutions defining the branches leading to Enterobacter agglomerans (probe ENT AG), the clones belonging to the Enterobacteriaceae (probe ENTEROB), Pseudomonas (probe PSEUD), Oxalobacter (probe OXALOB), Proteobacter (probe PROTEOB), and LAB (probe LAB) were identified. The specificities of the probes were determined through analysis of both clones and pure cultures (Fig. 3B) . These analyses showed that the constructed probes were specific for their selected targets. The labeling efficiencies were approximately similar for the different probes, and no background signal could be detected (Fig. 3B ). For instance, there was only one base difference between E. agglomerans and other species of Enterobacteriaceae.
The analysis of the intact communities (Fig. 4) gave very reproducible results, with low standard deviations for most of the independent experiments (Fig. 4B) . Pseudomonas spp. dominated in the freshly produced salads made with both Spanish lettuce and Norwegian lettuce. Organisms belonging to the Oxalobacter group could also be retrieved from both samples. There was a marked difference in the compositions of the bacterial communities for the two salads. Pseudomonas spp. dominated the salads made with Norwegian lettuce after storage at 4°C, while there were approximately equal numbers of Pseudomonas spp. and bacteria belonging to the Enterobacteriaceae in the salads made with Spanish lettuce. There was a marked increase in the population of Enterobacteriaceae after storage at 10°C compared to storage at 4°C, but Pseudomonas still dominated the microbial population in the salads made with Norwegian lettuce. The Pseudomonas population was nearly absent in the salads containing Spanish lettuce stored at 10°C, while a population of both LAB and Enterobacteriaceae dominated.
DISCUSSION
The aim of this work was to develop and evaluate a new DNA array-based approach for describing complex microbial communities. Bacterial populations on MA-packed ready-toeat vegetable salads were used as a model.
Evaluation of the methods applied with respect to an accurate description of microbial communities. There have been discussions of whether the bacteria that can be detected by culture-based methods actually reflect real biodiversity (1) . By comparing CFU with direct counts from microscopy, we found 
a BS, before storage. b Each log value is based on duplicate analyses of five independent bags, except as otherwise noted. The standard deviations are based on the log values, not the actual counts. NT, not tested.
c Single samples. a good correspondence for the vegetable salads stored at 4°C. The correspondence may be due to equal errors introduced in both approaches or may simply indicate that most bacteria on the salads also formed colonies on NA plates. The latter hypothesis was supported by the finding that mainly the same bacterial genera could be detected by analyzing the colonies and by sequencing the clones directly retrieved from the salads. However, we obtained 10-times-higher cell counts from MRS agar plates (selective for LAB) than from NA plates (supporting the growth of aerobic bacteria) after storage at 10°C for the Spanish lettuce. This result indicates that numbers of CFU do not always reflect the total biodiversity in MAs.
Apparent limitations with the plating approach are that one has to decide which bacteria to search for and that one has to know under which conditions these bacteria can grow. The example from our work is the population of bacteria in the Oxalobacter group, for which we do not have a selective medium. Furthermore, selective media may also be a problem for damaged bacteria, which may not survive the selective conditions. However, media may also protect bacteria by allowing nucleic acid synthesis and growth and thus enabling the detection of cells missed by the epifluorescence approach.
A potential source of error with the direct cloning approach is differential lysis of the bacteria in the sample. This is the reason why we used rigid lysis conditions in our work. Also, gene copy numbers and not cell numbers are determined. One genome may contain from 1 to about 10 copies of ribosomal operons. In addition, the numbers of genomes may also differ according to the growth conditions. However, these uncertainties are probably less common than the uncertainties introduced in the direct plating approach, e.g., bacterial aggregates (Fig. 2) . A challenge with genetic analyses is, however, to develop methods which provide gene information for complex mixtures. The combination of DNA array hybridization with enzymatic labeling of DNA probes (29, 30) has solved the problem of low signal-to-noise ratios in standard hybridization assays and thus led to the possibility of obtaining quantitative results. Furthermore, the linking of gene cloning with the construction of specific probes allows quantitative analyses of uncultivated microorganisms. This factor is important in community analyses, since several of the microorganisms in natural communities cannot be easily cultivated or enriched.
The construction of probes at different taxonomic levels leads to a new possibility for the description of microbial communities. The direct hierarchical classification system allows a more accurate description of microbial communities at different taxonomic levels. For instance, as demonstrated in our work, we can monitor the populations of both Enterobacteriacea and E. agglomerans simultaneously to provide important information about the population structure.
Effect of storage temperature and the origin of crisphead lettuce on microbial populations. There were already differences in the microbial communities before storage of the batches of salads containing Norwegian lettuce versus Spanish lettuce (Fig. 4) . The most marked difference was the presence of the population of Enterobacteriaceae in the salads containing Spanish lettuce. This population seemed to be tightly associ-FIG. 2. Restriction fragment length polymorphism pattern for RsaI-digested 16S rDNA. The 16S rDNA was amplified, cut as described in Materials and Methods, and separated on gels. The samples were analyzed at the beginning of the storage period (BS), after storage at 4°C, and after storage at 10°C. The different restriction patterns are designated with letters. mw, molecular weight standards.
FIG. 3. Phylogenetic distance tree for 16S rDNA sequences (A) and specific detection with taxonomic probes (B). The distance tree (A) was built by using LogDet distances and neighbor-joining analysis for tree construction (31) . The statistical support of the branches in the tree was tested by bootstrap analysis (11) . The distance between two organisms, expressed in substitutions (subst.) per nucleotide, is obtained by adding the horizontal branches connecting them. The numbers at the nodes indicate the percentages of 500 bootstrap trees in which the cluster descending from the node was found. The arrows indicate the phylogenetic positions of the constructed probes. A selection of clones representing the major lineages in the phylogenetic tree shown in panel A was used for the probe labeling assay (B). RFLP, restriction fragment length polymorphism. ated with the salad matrixes (20) (the relative populations were higher in the stomacher-treated samples than in the wash water), indicating that these bacteria originated from the raw materials and not from the water used in processing the salads. We also found relatively high frequencies of chloroplast sequences in the samples before storage. The reason for this finding is probably that the microbial load was so low that the chloroplasts in the traces of plant material were amplified. The differences between the microbial populations in the salad batches made with Norwegian lettuce versus Spanish lettuce after storage were probably due to different bacterial loads before storage, since the other conditions were similar. The conclusion from our study is that microbial compositions in different batches can be relatively diverse, with respect both to storage temperature and to the origin of the lettuce used.
Origin, human health significance, and spoilage potential of the dominating microbial flora. Generally, microorganisms belonging to the genus Pseudomonas and to the family Enterobacteriaceae dominated the samples. Thus, the emphasis here is on these two groups of microorganisms.
The three main genera of the Enterobacteriaceae identified in the samples in this work, Erwinia, Enterobacter, and Rahnella, all belong to groups of plant pathogens (3, 15, 33) and may thus have originated from the raw materials. Some of the bacterial species of these genera may also be opportunistic pathogens, for instance, for immunocompromised persons (12, 15, 22, 27) . However, since all of these bacteria are common both in the environment and in fresh vegetables, they probably do not represent a health risk in ready-to-eat vegetable salads. Still, they may be a problem for the quality of the vegetable salads, both through tissue disruption and through the production of polysaccharides (3, 22, 27, 33) .
A broad diversity of bacteria closely related to Pseudomonas spp. was isolated from the salads. Bacteria classified as Azospirillum (32, 34) formed a separate cluster together with Pseudomonas veronii (9) . The Azospirillum spp. identified in the salads were atypical for the genus (10, 35) . Azospirillum, however, can grow under microaerophilic conditions and utilize cellulose as a carbon source. Packaging of salads in an MA may therefore favor bacteria with these characteristics. The other Pseudomonas cluster contained the species P. putida, P. oryzhabitans, P. pavonaceae, P. jessenii, P. gessardii, and P. libaniensis. Pseudomonas spp. are widely distributed in the environment, and several of the species are potential plant pathogens (16, 25) .
The Oxalobacter group of microorganisms is not well characterized, but it has recently been shown that this group can be associated with plant pathogens (18) and may contain opportunistic human pathogens (26) .
Finally, a relatively large population of LAB was encountered in the salads containing Spanish lettuce after storage at 10°C. LAB are not pathogenic but may be involved in the spoilage processes for food (4, 5) .
Genera containing plant-pathogenic species dominated the flora in the MA-packed vegetable salads. These bacteria could have been selected during the extensive washing procedures used in the manufacturing of the salads, since plant-pathogenic bacteria are tightly associated with plant matrixes, while the other bacteria commonly found in the environment are removed during washing (20) .
Polyphasic analytic system for bacterial communities. The combination of methods for the direct description of microbial communities with traditional methods for enrichment and isolation of important strains will be a powerful tool in future research. Obtaining and investigating pure cultures are essential for studies of bacterial properties such as pectinolytic activity, spoilage potential, and pathogenicity. On the other hand, one cannot understand these bacteria without tools to study them in their natural complex environments.
